In genome duplexes that exceed 100 kb the frequency distributions of their trinucleotides (triplet profiles) are the same in both strands. This remarkable symmetry, sometimes called Chargaff's second parity rule, is not the result of base pairing, but can be explained as the result of countless inversions and inverted transpositions that occurred throughout evolution (G. Albrecht-Buehler, 2006, Proc. Natl. Acad. Sci. USA 103, 17828-17833). Furthermore, comparing the triplet profiles of genomes from a large number of different taxa and species revealed that they were not only strand-symmetrical, but even surprisingly similar to one another (majority profile; G. Albrecht-Buehler, 2007, Genomics 89, 596-601). The present article proposes that the same inversion/transposition mechanism(s) that created the strand symmetry may also explain the existence of the majority profile. Thus they may be key factors in the creation of an almost universal "format" in which genome sequences are written. One may speculate that this universality of genome format may facilitate horizontal gene transfer and, thus, accelerate evolution.
Introduction
The existence of a majority triplet profile of the natural genomes
The vast amount of sequence data available today has left no doubt that every species has its own, species-specific coding sequences. Naturally, one may therefore assume that the frequency distributions of their codons are also different from species to species. Yet, as was shown recently [2] , that is not the case. Counting not only the codons of genes, but all trinucleotides (triplets ▵) of the coding and noncoding regions in a large variety of genomes, there were essentially only three classes of such triplet distributions among all organisms and DNA containing organelles. One class, called the "majority class," contains the genomes of most organisms ranging from Rickettsia to primates. Their frequency distribution f M (▵), which was called the "majority triplet profile," or "majority profile" for short, appears to be a surprisingly universal property of genomes regardless of taxa or species.
The majority profile is shown in Fig. 1 . The shaded area covers the standard deviation of 31 genomes that belonged to different organisms and ranged from Rickettsia to humans, including chimpanzee, mouse, zebrafish, maize, Streptococcus pneumoniae, Arabidopsis, Xenopus laevis, yeast, Bacillus subtilis, Anopheles, and others.
The universality of strand symmetry
Plotted as a function of the 64 possible triplets ▵ = {n 1 , n 2 , n 3 } (n i = A, C, T, G), the majority profile appears to be a rather complex function. In part, the apparent complexity is a conequence of the particular order of the triplets along the abscissa ("canonical order" [1] ). Yet, hidden in this function, and independent of any ordering convention, is the remarkable property that the frequency of each triplet is equal to the frequency of its reverse complement.
Of course, not every function that fits into the shaded area of This peculiar strand symmetry has sometimes been called the validity of "Chargaff's second parity rule" [1, 3, 4] . As shown earlier, it is not a consequence of base pairing, but can be explained as the result of countless inversions and inverted transpositions (henceforth abbreviated as "inversions/transpositions") that the genomes suffered throughout evolution [1] .
The effects of large numbers of inversions/transpositions on strand symmetry
The principle effect of such large numbers of inversions/ transpositions on strand symmetry is illustrated in Fig. 2 . Each duplex DNA is depicted as a pair of straight ribbons labeled as Watson or Crick. The four nucleotides are represented by shades of gray that color the various segments of the ribbons (Fig. 2a) . For the sake of simplicity I assumed that all inverted transposons had a constant size (see frames in Figs. 2b and 2c labeled "inv/tp").
The illustration starts with the simplest possible situation of a duplex consisting of a poly(A) strand and its complementary poly(T) strand (Fig. 2b, "0" ). At this stage the Watson strand contains only A's, AA's, and AAA's, but no T's, TT's, or TTT's. Likewise, the Crick strand has only T's, TT's, and TTT's, but no A's, AA's, or AAA's. Obviously, there is no symmetry between these strands.
The situation changes after the first inverted transposition has carried some T's to the Watson strand while carrying an equal number of A's to the Crick strand (Fig. 2b , "1", "2"). At this point not only do the complementary nucleotides appear on either strand, they also generate some mixed triplets such as ATT, TTA, AAT, and TAA for the first time on both strands. As the process continues and the number of randomly placed inverted transpositions increases, the distributions of A's, T's, and their corresponding doublets and triplets become increasingly the same. (Please note that the sequences do not become the same, but only their mono-, di-, and trinucleotide distributions do.) A more detailed analysis shows that the equalization of the nucleotide distributions grows exponentially with the number of inversions/transpositions [1] .
Similarly, if the initial duplex contains all four nucleotides in some arbitrary ratio, the strands become exponentially more symmetrical with the increasing number of inversions/transpositions. An example is shown in Fig. 2c .
The majority profile as a result of large numbers of inversions/transpositions
By definition of strand symmetry, every such series of inversions/transpositions creates a triplet profile that is the same for both strands. However, this common triplet profile may be different for different starting sequences. The present article will identify the particular starting conditions that yield a triplet profile that will turn out to be identical to the majority profile. In this sense one may consider not only the strand symmetry to be a product of inversions/transpositions, but the majority profile as well.
Results

The stochastic expectation
What triplet profile could one expect if genomes were completely random sequences (stochastic expectation)? Consider the sequence of nucleotides as the result of a random picking from an urn of well-mixed balls labeled as A, C, G, and T. Every selected ball determines the next nucleotide in the sequence and is afterward returned to the urn. [1, 2] (abscissa, triplets to be read from bottom to top; ordinate, fraction of triplets of entire genome). The shaded area covers the range of the standard deviation computed from the triplet profiles of 31 chromosomes of different organisms ranging from Rickettsia to humans, including human, chimpanzee, mouse, zebrafish, maize, Streptococcus pneumoniae, Arabidopsis, Xenopus laevis, yeast, Bacillus subtilis, Anopheles, and others.
Assume that the probabilities of the balls are p 0 (A), p 0 (T), p 0 (C), and p 0 (G). They must fulfill the normalization requirement
Then the probability f 0 (▵) of drawing the triplet ▵ = {n 1 , n 2 , n 3 } at random from the urn is given by
In the case of the actual genomes of the majority class one can easily calculate from the majority profile their base compositions as p M (A) = 30.6%, p M (T) = 30.6%, p M (C) = 19.4%, p M (G) = 19.4%. It corresponds to an AT content of 61.2% and a CG content of 38.8%. Obviously, these genomes obey Chargaff's second parity rule for mononucleotides, i.e., p M (A) = p M (T) and p M (C) = p M (G) on each single strand.
In contrast, the present calculation of the stochastic expectation cannot presuppose a similar symmetry a priori, as a previous study had interpreted it as the result of numerous inversions/transpositions that occurred during the evolution of these genomes [1] . Hence, it was assumed (somewhat arbitrarily) that p 0 ðAÞ ¼ 20%; p 0 ðT Þ ¼ 36%;
The effect of the choice of the particular parameters on the results will be discussed later.
A specially designed computer program created 8-Mb large, random genome sequences with the particular base composition of Eq. (3) and confirmed by direct counting that their triplet profile (Fig. 3b ) matched exactly the prediction of Eq. (2) .
Such artificial genome sequences represent the stochastic expectation of genomes randomly arising from a large pool of nucleotides as postulated, for example, by the so-called "RNA world" [5] [6] [7] [8] [9] . Obviously, there are astronomically large numbers of such genomes that have different sequences, yet nevertheless have the same triplet profile of Eq. (3). However, the genome sequences so generated do not fulfill Chargaff's second parity rules (see Fig. 4b ), nor do they belong to the majority class (see Fig. 3b) .
If the quality of fitting the profile of randomly generated genomes to the majority profile were the goal of this article, one could improve it considerably by introducing the formalism of the so-called Markov chains. However, the intention of this article is not to fit the majority profile, but to explore the effects of inversions/transpositions on stochastically created, "primordial" polynucleotides. Therefore, a special computer program was designed that subjected stochastic-expectation genomes to a large number of inversions/transpositions after applying various small sequence modifications. Since this article focuses only on the resulting triplet distributions, the actual location of an inverted transposon was irrelevant for the outcome and, therefore, ignored. In other words, the simulations involved inversions only.
Sequence modification
According to our previous results, applying a large number of inversion/transpositions to the stochastic-expectation genomes must generate sequences that fulfill Chargaff's second parity rules [1] . However, this process did not immediately yield triplet profiles that resembled the majority profile. Therefore, it was necessary to modify the stochastic-expectation genomes beforehand in a certain way. I found that the simplest modification yielding a majority profile after inversions/transpositions was to change 60% of CG dinucleotides into TT dinucleotides. This modification was expressed by a "conversion rate" of ρ = 0.6.
Even though a conversion rate of 60% may sound like a large modification, the number of sequence alterations was As the number of randomly placed inversions increases the inversions carry increasing numbers of T's to the Watson strand while carrying an equal number of A's to the Crick strand ("1", "2"). They also generate some mixed triplets such as ATT, TTA, AAT, and TAA for the first time on both strands. As the process continues and the number of randomly placed inverted transpositions increases, the distributions of A's, T's, and their corresponding doublets and triplets become increasingly the same. A more detailed analysis shows that the equalization of the nucleotide distributions grows exponentially with the number of inversions/transpositions [1] . (c) Similarly, if the initial duplex contains all four nucleotides in some arbitrary ratio, the strands become exponentially more symmetrical with the increasing number of inversions/transpositions as indicated by the numbers at each duplex. actually rather small. Using the base composition of Eq. (3), the stochastic-expectation genomes contained approximately 5% CG pairs on either strand. Therefore, the required sequence modification involved only 0.6 × 5 = 3% modification of their total dinucleotides. As a result, the triplet profiles that resulted from this modification (Fig. 3c) were qualitatively not very different from the initial profiles, although certain peaks were increased (note the change of scale in Fig. 3c ). At this stage, the modified sequences still violated Chargaff's second parity rules.
I found no precedence for a CG-to-TT conversion in the literature. However, it may be interpreted as the result of the following two-step process, for which there is precedence in contemporary genomes. The first step may involve a CG-to-TA conversion, for which there is ample precedent in the literature, because methylated C is frequently converted into T [10] . Given a CG pair on (say) the Watson strand, base pairing requires that there is a CG pair opposite to it on the Crick strand (note that both strands are read in the 5′ to 3′ direction). Converting both (presumably methylated) C's into T's would generate a pair of mismatched TG dinucleotides. However, during the next round of replication they could be corrected into TA pairs [11, 12] .
The second step could be viewed as an A-to-T substitution that would turn some of the newly generated TA pairs on (say) the Watson strand into TT pairs. Correspondingly, their reverse complements on the Crick strand would turn into AA pairs. Such A to T substitutions have been observed in a number of cases [13] . Still, the above is merely a plausibility argument, since cytosine methylation is not a ubiquitous process. Therefore, it is quite possible, and perhaps even likely, that the postulated CG-to-TT conversion occurred by some other, yet to be discovered mechanism.
The intuitively obvious effect of numerous inversions and inverted transpositions
Subjecting the modified genomes to N inv = 30,000 inversions/transpositions (transposon size σ = 1 kb) transformed their triplet profiles into the profiles shown in Fig. 3d . This profile appeared very similar to the majority profile (correlation coefficient 0.96) and fulfilled Chargaff's second parity rule (correlation coefficient between Watson and Crick strand 0.9994; Fig. 4d ).
The action of 30,000 inversions/transpositions may seem rather obscure because it happens inside the impenetrable This triplet profile is very similar to the majority profile of (a) (correlation coefficient is 0.957).
"bowels" of a computer and, thereby, seems to offer little explanatory power. However, in this case the result is quite easy to understand even without the help of a computer.
As shown in the earlier article [1] , the effect of a large number of inversions/transpositions is to equalize asymptotically the frequency of every triplet with the frequency of its reverse complement in an exponential fashion. For example, before the application of inversions/transpositions, the normalized frequency of the GAA triplet was f 0 (GAA) = 0.6% and that of its reverse complement was f 0 (TTC) = 3.8% (Fig. 5a) . After a sufficiently large number of inversions/transpositions, both frequencies will became the same, namely f ∞ (GAA) = f ∞ (TTC) = (0.6+ 3.8)/2 = 2.2% (Fig. 5b) . In other words, the effect of the inversions/transpositions is nothing more than to generate the arithmetic means between the frequencies of triplets and their reverse complements.
Denoting the reverse complement of a triplet ▵ by the symbol ▾, this result can be formulated as
The inversions/transpositions equalize not only the triplet frequencies, but the frequencies of mononucleotides, as well [1] . According to Eqs. In view of this simple algorithm the accurate reproducibility of the effect of numerous inversions/transpositions is selfevident. Therefore, it seemed unnecessary to document the reproducibility of the results by statistical significance calculations. Nevertheless, I repeated the generation of the majority profile as described more than 20 times with identical results.
Parallel development of strand symmetry
Parallel to the generation of the majority-like triplet profile the described procedure also created almost perfect strand symmetry. Fig. shows the correlation plots between the triplet profiles of the Watson strand vs the Crick strand for each of the same stages as shown in Fig. 3 . Since the majority profile complies with Chargaff's second parity rule, its correlation plot is a straight line (correlation coefficient 0.9996; Fig. 3a) . The stochastic-expectation profile violates it before (correlation coefficient −0.5412; Fig.  3b ) and after the application of a CG-to-TT conversion (correlation coefficient −0.1949; Fig. 3c ). Consistent with our hypothesis [1] , however, applying the large number of inversions/ transpositions yielded not only a sequence whose profile was similar to the majority profile, but also one that fulfilled Chargaff's second parity rule (correlation coefficient 0.9994; Fig. 3d) .
Note that the correlation plot is mirror symmetrical about the diagonal because, for each point f(▵) on the abscissa plotted against f(▾) on the ordinate, there is a symmetrically located point that plots f(▾) on the abscissa against f (▵) on the ordinate.
Parameter dependencies
The computed profiles did not match the majority profile exactly. However, their deviations from the majority profile were no larger than the discrepancies between the genomes of individual organisms within the majority group. Therefore, there was no reason to try to improve the matching any further by introducing more parameters. As a result, it appeared that the present derivation of the majority profile needed no more than two parameters, namely the initial values of p 0 (A) and p 0 (C). Either all other parameters were experimental data derived from the majority profile or the derivation did not need to vary them to match the majority profile.
To be sure, the above derivation contains six formal parameters. They include the initial AT content, the relationship p 0 (AT) = p 0 (A) + p 0 (T), and the initial values of p 0 (A) and p 0 (C). All other initial values of the base composition depended on these three. The remaining three parameters were the rate ρ of the conversion CG-to-TT, the number N inv of inversions/ transpositions, and the average size σ of the inverted transposons. Some of these parameters did not need to be varied or could be taken directly from the majority profile. For example, the number N inv and size σ of inversions/transpositions had no further influence on the results once they exceeded the threshold values of 10,000 and 500, respectively (Figs. 6a and 6b). Likewise, the value of the conversion rate ρ had little influence on the results (Fig. 6c ) in the range between 0.5 and 0.9. The range itself could be derived from a simple inspection of the stochastic-expectation genomes that had noticeably too few TT pairs and too many CG pairs relative to the majority distribution.
In view of this small number of relevant parameters, one may take the position that the described method of generating the majority profile is not a fitting procedure, but actually a way to calculate the initial base composition of the genomes of the majority class.
The other two classes of triplet profiles
In addition to the majority class, there were two other classes of triplet profiles, namely the minority class and the violator class [2] . The minority class consisted of GC-rich genomes with individually different profiles that complied with Chargaff's second parity rule, but were quite different from the majority profile. However, they could be turned into members of the majority class by a random conversion of a certain percentage of their G's and C's into equal numbers of A's and T's.
The violator class consisted of genomes whose profiles violated Chargaff's rules and were different from the majority profile. A subgroup of them, called moderate violators, differed only slightly from the majority class, as if relatively small mutations had changed them away from the majority profile.
The remaining violators, all mitochondrial genomes of the recent vertebrates, had surprisingly similar triplet profiles [2] . In the context of the present investigation it was found that their average profile could be described entirely by the stochastic expectation of Eq. (3) using their natural base frequencies of p 0 (A) = 33%, p 0 (T) = 26%, p 0 (C) = 28%, p 0 (G) = 13% (correlation with the stochastic-expectation profile = 0.95). A subsequent exposure to the same inversions/ transpositions and CG → TT conversion that were used in the above derivation of the majority profile was able to turn them into members of the majority class, as well. One may interpret these results as an indication that the two remaining classes represent genomes in transit toward or away from the majority class. 
Discussion
It may appear that the existence of a universal triplet profile imposes an unnecessary constraint on the evolution of genomes and organisms. However, this impression is misleading. This constraint on the triplet frequency has had as little effect on the variety of genomes as the well-known series of the most frequent three-letter words in the English language (the, and, for, are, but, not, you, all, any, etc.) has had on the English literature.
Such common features of a large body of texts, be they human texts or genomes, are no constraints on, but expressions of the results of the history of the underlying language. They may even offer advantages for communication. In this sense the present article suggests that the universal triplet profiles of genomes is the inevitable result of a common history of numerous inversions/transpositions that created this majority profile and that may offer advantages for horizontal gene transfer.
Of course, this does not exclude other mechanisms that may have contributed to the emergence of a universal triplet profile. For example, gene and genome duplication would certainly contribute to the universality of the profile. Obviously, the triplet profile of the concatenation of a duplicated genome is identical to its original profile (see the Appendix).
The inversion/transposition model of genome evolution
Both the present and other earlier results [1, 2] are consistent with the notion that genome sequences arose randomly from a large pool of nucleotides, such as is postulated by the so-called "RNA world" hypothesis [5] [6] [7] [8] [9] . Whatever the mechanism of origin, the concept presented here assumes that initially a very large number of different nucleotide sequences existed, which became the raw materials for the future evolution of genomes. Yet, despite this large diversity of sequences, the base composition and the di-and trinucleotide (=triplet) profiles of these pregenomes were identical, as they reflected the nucleotide composition of the primordial soup from which they arose. Consistent with the ideas of the RNA world, the model also assumes that these initial pregenomes formed duplexes through extensive base pairing.
The present results lead to the novel idea that at these stages of evolution certain mechanisms of inversion, transpositions, and inverted transpositions began to operate extensively on the pregenomes and have acted on the subsequently evolving genomes ever since. As a result, genomes have developed the particular strand symmetry that was referred to as Chargaff's second parity rule [1] . At the same time these mechanisms also generated a common triplet profile for a majority of the evolving organisms.
Once generated, both of these genome properties were also maintained and stabilized by these mechanisms. This follows from the fact that the majority profile obeys Chargaff's second parity rule, which means that the Watson and Crick strands of majority genomes have the same triplet profiles. As a result, the inversion of a sufficiently large segment of such a genome carries on average the same set of triplets away from the Watson strand as it brings in from the Crick strand. In other words, once a genome had acquired the majority profile, further inversions/ transpositions could change only its sequence, not its profile or the strand symmetry.
Although evolution proceeded to increase genome sizes more and more, it was not necessary to increase the frequency of inversions/transpositions any further. After all, most new genomes arose from precursors that already fulfilled Chargaff's second parity rule and that already had profiles similar to the majority profile. Only the newly added or modified sequences needed to be brought into compliance with the preexisting format of the genomes. Based on the results reported here, a few ten thousand inversions per several million years seem quite adequate to accomplish this task.
All the while a large percentage-although not a large number-of CG pairs converted to TT pairs. Although the above model had introduced this conversion as a next step after the stochastic-expectation genomes had formed, the results would have been the same had such conversions been continuously interspersed with the ongoing inversions/transpositions while accumulating to levels of up to 60%.
Do these many inversions/transpositions disrupt the genes?
From the point of view of gene evolution this model may paint a disturbing image. If hundreds of thousands of inversions/ transpositions have recklessly altered the sequences of genomes, should they not have destroyed the evolving genes and the viability of the evolving organisms along with them?
Admittedly, inversions/transpositions probably did and still do destroy genes and create nonviable organisms on occasion. Selection, of course, was likely to eliminate them. However, since inversions/transpositions were relatively rare events, the survival of the species was never jeopardized because many contemporary organisms with unaltered genes continued to exist and reproduce. On the other hand, if inversions/transpositions happened to create novel genes and gene controls that offered a selective advantage for an organism [16] , its offspring were likely to have outcompeted the others and driven evolution forward.
My data are consistent with the rarity of inversions/ transpositions. The early genomes were presumably much shorter than the 8-Mb large test genomes used in my simulations and evolved into larger genomes in the course of tens to hundreds of millions of years later. As shown in the present study, only a relatively small number of some 10,000 inversions/ transpositions were required to render the strands of their genome duplexes symmetrical and to create the majority profile. Thus the unification of this genome format required no more than an average of only 1 inversion/transposition per 1000 to 10,000 years.
Furthermore, genes seem to have evolved special ways to "protect" themselves. The underlying mechanisms are not understood, but genes seem to express a number of documented strategies to prevent the insertion of transposable elements into essential sequences, including the avoidance of promoters, preferential insertion into genes that exist in multiple copies, preferential insertion into introns that offer "safe" targets, preferential insertion into hot spots, and others [14, 15] .
Conservation of the majority profile by common mechanisms of genome variation
Another fundamental question about the feasibility of the above model of genome evolution concerns the effects of welldocumented mechanisms of genome variation such as concatenations, recombinations, deletions, insertions, and point mutations. Would they not destroy the majority profiles of the evolving genomes?
As to point mutations, they involve only very small fractions of entire genomes and therefore do not alter the triplet profiles of the genome in any substantial way. As to the other mechanisms of genome variation, one can show that they actually preserve the triplet profiles of the genomes involved (see the Appendix).
Does the majority profile support horizontal gene transfer?
The evolutionary advantage of the existence of an almost universal genome format is not yet known. One may speculate, though, that it may facilitate horizontal gene transfer between vastly different species as the common format may have rendered native and foreign genes similar enough to be exchanged (see the Appendix). In this way it may speed up evolution considerably, as horizontal gene transfer makes it unnecessary for different organisms to rediscover the same beneficial genes many times over.
Materials and methods
The investigative computer program, dnaorg.exe, was written by G.A.-B. using Visual C+ (Microsoft, Redmond, WA, USA) and will be provided upon request.
(b) Insertions
If an insertion sequence I and a genome sequence S are profile-related, the insertion generates a concatenation of S i = S 1 ⊕ I ⊕ S 2 with S 1 and S 2 being the segments of S before and after the insertion point. According to the concatenation rule the concatenated sequence S i has the same triplet profile as its components.
(c) Transpositions
A transposition is the deletion of a segment T from a genome between two segments S 1 and S 2 , followed by its reinsertion between two other segments S 1 ′ and S 2 ′ somewhere else. Since all segments involved are profile-related, sections (a) and (b) apply: Transpositions preserve the triplet profile of a genome.
(d) Inversions/inverted transpositions
An inversion is the transposition of an inverted segment T i into its former location. If the genome in question complies with Chargaff's second parity rule, the Watson and Crick strands are profile-related. Therefore, an inverted segment T i is a profilerelated segment, and the result of section (c) applies: Inversions and inverted transpositions preserve the triplet profile of a genome.
(e) Horizontal gene transfer
If the genomes of two phylogenetically unrelated species, such as certain members of the majority class, have the same triplet profile, the same arguments that were used in sections (c) and (d) for transpositions within the same genome apply to horizontal gene transfer between those two species. In other words, horizontal gene transfer between the members of the majority class is a preserving operation, as well, even between phylogenetically unrelated species.
